The complexity of the loads acting on the offshore wind turbines (OWTs) structures and the significance of investigation on structure dynamics are explained. Test results obtained from a scaled wind turbine model are also summarized. The model is supported on monopile, subjected to different types of dynamic loading using an innovative out of balance mass system to apply cyclic/dynamic loads. The test results show the natural frequency of the wind turbine structure increases with the number of cycles, but with a reduced rate of increase with the accumulation of soil strain level. The change is found to be dependent on the shear strain level in the soil next to the pile which matches with the expectations from the element tests of the soil. The test results were plotted in a non-dimensional manner in order to be scaled to predict the prototype consequences using element tests of a soil using resonant column apparatus.
Introduction Harvesting offshore wind energy is a new initiative and a promising option for protecting the environment. Offshore wind turbines (OWTs) are relatively new structures with no long term track record of their performance yet they are to be constructed and meant to produce energy for 25-30 years. 1, 8, 13, 15 OWTs, due to their slender nature coupled with irregular mass and stiffness distribution, are dynamically sensitive structures. The first natural frequencies of these structures are very close to the forcing frequencies imposed by the environments and the onboard machinery. Changes of the foundation stiffness under cyclic loading will ultimately result in changes to the natural frequency of the structure. Therefore, the design of foundations and prediction of long term performance are very challenging. The loading on an OWT is complex and is a combination of static, cyclic, and dynamic loads:
(1) the external load produced by the wind and its turbulence, applying approximately one-way cyclic load to the foundation, (2) the external load caused by waves, which is approximately two-way cyclic, (3) the internal load caused by the vibration at the hub level due to the mass and aerodynamic imbalances of the rotor (this load has a frequency equal to the rotational frequency of the rotor (referred to as 1P loading in the literature) and is dynamic in nature), (4) dynamic internal loads on the tower (as shown in Fig. 1,) due to the vibrations caused by blade shadowing effects (referred to as 2P/3P in the literature), which is dynamic in nature. Typical natural frequencies of OWTs are in the range of 0.3 Hz to 0.9 Hz. 1 The load frequencies that are close to the natural frequency of the turbines can be classified as dynamic load which requires special consideration, i.e., the ratio of forcing frequency to natural frequency (f f /f n ) and the damping in the system. A case study Shanghai Donghai Bridge offshore wind farm is one of the first large scale commercial developments [2] . Figure 2 shows the main frequencies for a three-bladed 3 MW Sinovel wind turbine with an operational interval of 8.1-19 RPM (revolutions per minute). The 1P lies in the range 0.135-0.316 Hz and the corresponding 3P lies in the range 0.405-0.948 Hz. The figure also shows typical frequency distributions for wind and wave loading. The peak frequency of typical waves is about 0.12 Hz. It is clear from the frequency content of the applied loads that the designer of the turbine and foundation has to select a system frequency which lies outside this range of frequencies in order to avoid system resonance and ultimately increased fatigue damage. (1) "soft-soft" design, where the target frequency is placed below the 1P frequency range, i.e., less than 0.135 Hz, which is a very flexible structure and almost impossible to design for a grounded system, (2) "soft-stiff" design, where the target frequency is between 1P and 3P frequency ranges and this is the most common in the current offshore development, (3) "stiff-stiff" design, where target natural frequency have a higher natural frequency than the upper limit of the 3P band and will need a very stiff support structure. DNV (full name?) 3 also specified that the system frequency should be at least ±10% away from operational 1P and 2P/3P frequencies, as indicated by the dotted lines in Fig. 2 . Therefore, the available range of safe frequency content to place the OWT is narrow. Prediction of OWT's long term behavior OWTs are subjected to approximately 10 7 -10 8 cycles of loading in their life time and two aspects are important with regards to the design of foundations: (1) Assessment of the change of soil behavior due to effect of cycling and its impact on the foundation (this is similar to the fatigue problem) and (2) dynamic amplification of the response of the structure over a range of excitation frequencies close to the natural frequency of the system. This would mean higher displacement of the foundation, i.e., higher strain in the soil. This is similar to the resonance problem. Recent observations of wind turbines suggest that resonance is a serious issue. [4] [5] [6] [7] Field measurement indicates that the resonance issue is caused by the change of its 3 foundation stiffness after several years of service. 8 Therefore, the design problems are: (1) prediction of the long term tilt in the wind turbine due to the change in the soil properties owing to irregular and asymmetric cycling, (2) long term shift in natural frequency of the system and how close can the frequency being with respect to the forcing frequencies. This is particularly important for "soft-stiff" design as any increase/decrease will impact on the forcing frequency causing higher fatigue damage. 9 Due to its previous successful application in OWTs, monopile is still the prevailing foundation option for supporting OWT for water depth of less than 30 m in standard soils (sand, soft and stiff clay). More than 75% of the OWTs in Europe (i.e., UK, Denmark, Germany, and Netherland) are supported on monopiles.
1 This paper therefore investigates the long-term dynamic behavior of monopile supported OWT through a series of small scale tests. This is in contrast to the tests carried out in other researchers' work, see for example Refs. [10, 11] , where the dynamics of the problem is not considered and fatigue type problem is investigated. Derivation of the correct scaling laws constitutes the first step in an experimental study. Every physical process or mechanism can be expressed in terms of non-dimensional groups and the fundamental aspects of physics must be preserved in the design of model tests. In this paper, the main principle of scaling related to OWTs comprises of geometrical and mechanical similarities between scaled model tests and prototype. And this part has been discussed in detail in Refs. [1, 12, 17] and the readers can refer to those publications for more information. Dynamic Loading System Previous research [1, 12, 17, 18] on dynamic testing as shown in Fig. 3 (a) used an actuator to apply all the cyclic and dynamic loads at one location (denoted by y c in Fig.  3(b) ) and the methodology to find out the load is shown in Fig. 3 (b) . 1 After applying a user defined number of cycles, the actuator is disconnected to obtain the natural frequency through free vibration test. Then, the actuator needs to be reconnected to apply the next set of cyclic loads. This causes not only some amount of inconvenience to the testing but also unavoidable disturbance to the soil around the foundation. Furthermore, the actuator can only provide one directional regular cyclic loads. But in reality, due to the misalignment of wind and wave, the cyclic load is always multidirectional. This led to the development of an innovative cyclic loading system used in this paper.
The physics behind this innovative device is simple and follows the concepts of centripetal forcing, i.e., for a body of mass m, which is rotating about a centre in a circular arc of radius r at a constant angular frequency ω, the mass will exert an extra force acting towards the centre of rotation in the magnitude of F n ( n F = mrw 2 , see Fig. 4(a) ). Figure 4(b) shows the final design of the device and it produces a harmonic loading in two perpendicular directions when two masses (m 1 and m 2 ) complete one revolution (shown in Figs. 4(c) and 4(d) ). Thus, the simple and economic 4 device is comparable to an actuator, but with an obvious advantage of producing two directional two-way cyclic loading, which indicates a misalignment of wind and wave in real field. The frequency f f (Hz) of the applied loads is determined by the voltage U (V) that drives the motor of the device. The amplitude and frequency of the cyclic loads can be adjusted by replacing the masses (m 1 and m 2 ) on the gears and the voltage output. 
Test Preparation and Procedures
Dynamic tests are carried out in a model tank (1150 mm long, 950 mm wide, and 600 mm high). The soil used in this experiment is Red Hill 110 silica sand, which is quite typical of that encountered in the North Sea, and it is representative of the soil along the southeast coastline of China. 13 Some basic properties of this sand is given in Table 1 . The sand bed is prepared by pouring sand from a hopper, maintaining the same rate of flow and the same height. The final thickness of the sand bed is approximately 500 mm. Relative density of the sand bed is 63% as medium dense sand. Shear modulus of the sand bed G is obtained as approximately 10 MPa by the in-situ shear wave velocity method. Based on the scaling laws, set-up of the experiment is shown in Fig. 5 . The model turbine mainly consists of 3 parts, more detailed information is given in Table 2 . The innovative cyclic loading device is connected to a volt generator, and mounted on top of the tower. A set of MEMS accelerometer [20] is used to obtain the natural frequency and damping during the free vibration testing. The tests were carried out in the following procedures.
(1) Before the cyclic loading is applied, a small amplitude free vibration test is performed, and the response signal is recorded in the time domain by accelerometers to obtain the initial natural frequency of the system.
(2) The model turbine is then subjected to cyclic loading for a chosen time of interval (typically 5000 cycles) with a certain level of frequency and amplitude. The dynamic property is then evaluated at the end of the chosen number of cycles through another free vibration test. This operation is repeated until sufficient number of cycles was reached and a trend is established. Four groups of tests are performed on the 1:100 scaled wind turbine model, aiming to study the long-term dynamic behavior of monopile supported model in sand. The investigation focuses on the influence from the amplitude of cyclic loads. Bhattacharya et al. [12] showed that the ratio of forcing frequency to natural frequency (f f /f n ) is close to 1 in field, so the dynamic effects from the exciting loads is also considered by setting f f /f n as 1.302. It is subjected up to 196515 cycles, and the innovative cyclic loading device is used to apply one directional single frequency cyclic loads on the model turbine, but with different forcing amplitudes, corresponding to different non-dimensional P/GD 2 and M/GD 3 , where P is lateral load in the foundation, M is the mudline bending moment, G is the shear modulus of the soil, and D is the pile diameter. Lombardi et al. [1] showed that P/GD 2 and M/GD 3 represents the shear strain in the soil around the pile. Throughout the tests, m 1 =m 2 is maintained, detailed information about all of the tests is given in Table 3 . Figure 6 (a) shows a typical time domain acceleration signal recorded by the accelerometer during the free vibration test. Assessment of the model turbine's natural frequency is performed in the frequency domain using the Welch method 14 , and the result is given in Fig. 6(b) . The first two peaks in Fig. 6 (b) correspond to the first two orders of natural frequency of the model structure. Changes of the 1-st natural frequency (f n / f n-initial ) of the system with respect to the number of cycles (N) in tests MST-1 to MST-4 are shown in Fig. 7(a) . It can be clearly seen that, in test MST-1, the structure's natural frequency is almost around its initial value throughout the test; while in tests MST-2 to MST-4, the overall trend of the change in natural frequency follows a similar nonlinear relationship, first increasing with a reduced rate, and then stabilizing and later decreasing. The maximum increment of the system's 1-st natural frequency is around 4%~10% compared to its initial value. It can also be noted from Fig. 7(a) , the amplitude of the natural frequency's increment increases with the increase of the amplitude of cyclic load. High values of soil strain level (i.e., P/GD 2 ) will lead to high increment of natural frequency. Taking into account the medium dense state sand used in the test, with the decrease of soil void ratio under cyclic loading, the sand will get densified, and will lead to an increase in the foundation stiffness, which ultimately contribute to the increase of structure's natural frequency. While the decrease of the system's natural frequency during the late period could be attributed to the sand particles' migration and loss mechanism, further details on this aspect can be found in Ref. [11] . It is interesting to note that the results from the resonant column test given in Fig. 7(b) 16 could be used to explain the model test results. It can be clearly seen from Fig. 7 (b), when the soil strain level is low (i.e., g c =1.6´10 -4 ), change of its shear modulus with respect to the number of cycles is negligible. In contrast, when the soil strain reaches a high level (i.e.,g c = 6´10
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-4 ), the soil's shear modulus grows with the increase of cycles. This phenomenon matches well with the model test results as observed in Fig. 7(a) : high values of soil strain level (i.e., P/GD 2 ) will lead to high increment of natural frequency.
Conclusions
In this paper, a simple, economic and innovative device has been adopted to apply cyclic loads. The natural frequency of the model turbine supported on pile in sand, is found to increase with the load cycles, after reaching a certain number of cycles, it tends to stabilize and then 7 decrease with more load cycles. Higher level of the amplitude of cyclic loading will lead to higher amplitude of natural frequency's increment. Increase of the model structure's natural frequency is attributed to the densification of the surrounding soil under cyclic loading, while the soil particles' migration and loss mechanism will lead to the decrease of the system's natural frequency. Therefore, the natural frequency of OWT is recommended to put close to the upper limit of 1P band for the strain stiffen sand field.
